We have previously shown that the ubiquitously expressed lysosomal cysteine protease, cathepsin L (CTSL), is essential for skin and hair follicle homeostasis. Here we examine the effect of CTSL deficiency on hair follicle development and cycling in ctsl ؊/؊ mice by light and electron microscopy, Ki67/ terminal dUTP nick-end labeling, and trichohyalin immunofluorescence. Hair follicle morphogenesis in ctsl ؊/؊ mice was associated with several abnormalities. Defective terminal differentiation of keratinocytes occurred during the formation of the hair canal, resulting in disruption of hair shaft outgrowth. Both proliferation and apoptosis levels in keratinocytes and melanocytes were higher in ctsl ؊/؊ than in ctsl ؉/؉ hair follicles. The development of the hair follicle pigmentary unit was disrupted by vacuolation of differentiating melanocytes. Hair cycling was also abnormal in ctsl ؊/؊ mice. Final stages of hair follicle morphogenesis and the induction of hair follicle cycling were retarded. Thereafter, these follicles exhibited a truncated resting phase (telogen) and a premature entry into the first growth phase. Further abnormalities of telogen development included the defective anchoring of club hairs in the skin, which resulted in their abnormal shedding. Melanocyte vacuolation was again apparent during the hair cycleassociated reconstruction of the hair pigmentary unit. A hallmark of these ctsl ؊/؊ mice was the severe disruption in the exiting of hair shafts to the skin surface. This was mostly because of a failure of the inner root sheath (keratinocyte layer next to the hair shaft) to fully desquamate. These changes resulted in a massive dilation of the hair canal and the abnormal routing of sebaceous gland products to the skin surface. In summary, this study suggests novel roles for cathepsin proteases in skin, hair, and pigment biology. Principal target tissues that may contain protein substrate(s) for this cysteine protease include the developing hair cone, inner root sheath, anchoring apparatus of the telogen club, and organelles of lysosomal origin (eg, melanosomes). The hair follicle (HF) is a unique neuroectodermal-mesodermal interactive organoid that results in the elaboration of at least 15 distinct interacting cell subpopulations, organized into five or six concentric cylinders.
The hair follicle (HF) is a unique neuroectodermal-mesodermal interactive organoid that results in the elaboration of at least 15 distinct interacting cell subpopulations, organized into five or six concentric cylinders. [1] [2] [3] These together provide a truly exceptional miniorgan that rivals the vertebrate limb bud, 4 and feather and tooth development 5 as models for studies of the genetic regulation of morphogenesis and tissue renewal. 2, 6, 7 From its initiation during the perinatal period to its life-long cyclical growth, the HF is unique in the adult mammalian body in experiencing multiple and life-long recapitulations to early stages of its embryogenesis. 2, 8 Critical to the formation of a functional hair fiber and the maintenance of the HF's cyclical behavior is the highly regulated expression of molecular mediators that form the HF. Although most investigations have focused on the role of classical morphogens, growth factors, and cytokines in the control of HF development and cycling, 3 recent evidence has also implicated an important role for protease/anti-protease systems. For example, there are distinct hair cycle-dependent changes in metalloproteases and their inhibitor systems. 9, 10 Also, hepatocyte growth factor stimulates HF elongation in organ culture after activation by the serine proteinase, hepatocyte growth factor activator. This elongation can be partially abrogated by the serine proteinase inhibitor, aprotinin. 11, 12 It has also been proposed that among other proteinases/protease inhibitors, gelatinase A, 13 nexin-1, 14 and stratum corneum chymotryptic enzyme 15 have a role in the regulation of hair growth and/or cycling.
In this context, the papain-like lysosomal cysteine protease, cathepsin L (CTSL), one of the major lysosomal enzymes that can also be secreted, is of particular interest. CTSL-deficient mice (ctsl Ϫ/Ϫ ) exhibit specific perturbations in both HF morphogenesis and cycling. 16, 17 These, as yet ill-characterized abnormalities, deserve further dissection because they promise novel insights into the full range of functions of CTSL. This multifunctional, ubiquitously expressed, proteinase is involved in the positive thymic selection of CD4 ϩ T cells and the intrathymic degradation of the MHC class II invariant chain. 16 Recent reports also indicate a role for CTSL in bone resorption, 18 trophoblast invasion, 19, 20 tumor metastasis, 21 and chronic inflammation. 22 In vivo, the level of CTSL mRNA is related to tumor progression/metastatic potential, 23 and this is thought to relate to the ability of CTSL to degrade extracellular matrix and basement membranes. 24 As part of its extracellular proteolytic activity, CTSL can hydrolyze azocasein, elastin, and collagen. 18, 25 Expression of procathepsin L has been reported in normal epidermis, eccrine sweat glands, HFs, and blood vessels. 26 Unlike other members of the mammalian papain family of cysteine proteases, the CTSL gene is activated by various growth factors 27, 28 and oncogenes. 29 Many of these are also intimately involved in the regulation of hair growth. Notably, the pro-inflammatory cytokine interleukin-6 can up-regulate CTSL, whereas transforming growth factor-␤1 suppresses CTSL expression. 30 Mice expressing the K14-interleukin-6 transgene exhibit retarded hair growth 31 while HF regression (catagen) is regulated in part by transforming growth factor-␤1. 32 The level of CTSL mRNA in certain cell types is significantly increased by basic fibroblast growth factor and nerve growth factor. 33 Notably, basic fibroblast growth factor is a hair growth inhibitor in mice, 34 whereas nerve growth factor promotes murine HF development and the prohormone-responsive neuronal system has been implicated in the regulation of hair growth. 35 CTSL protease activity is also increased by interleukin-1␤, interleukin-6, and oncostatin M, and decreased by insulin-like growth factor-1 and growth hormone, 36 ie, bioregulators appreciated as hair growth modulatory agents. 3, 7, 37 Furthermore, ras oncogenes (K-ras and N-ras) up-regulate CTSL activities to increase tumorigenic potential, 38 whereas mice overexpressing the ras activator, E2F1, exhibit HF development disrupted via increased apoptosis. 39 Of related interest is the observation that CTSL can generate the angiogenesis inhibitor endostatin, pointing to a CTSL involvement in a regulatory loop of angiogenesis. 40 This is of trichological importance, because angiogenesis is fundamental to the HF switch from resting (telogen) to the active growth stage (anagen), 41 whereas HF regression (catagen) is associated with vascular regression. 42 In summary, there are numerous biological reasons why lack of functional CTSL may be expected to effect the HF.
Indeed, CTSL knockout mice exhibit significant alterations in skin homeostasis and striking defects in hair growth abnormalities. The epidermis of ctsl Ϫ/Ϫ mice is significantly thicker than that of ctsl ϩ/ϩ mice, because of increased epidermal proliferation. 17 Furless (fs) mice exhibit a very similar phenotype to ctsl Ϫ/Ϫ mice, because of allelism for fs and ctsl with a missense mutation (glycine to arginine substitution, G149R) which results in the loss of CTSL catalytic activity. 17 HF morphogenesis and the initiation of the first HF regression phase (catagen), which sets off HF cycling, 3, 8 are significantly delayed in ctsl Ϫ/Ϫ mice. However, null mice subsequently exhibit a much accelerated growth phase of the first genuine hair cycle (anagen). 17 Despite this accelerated entry into anagen, ctsl Ϫ/Ϫ mice are by then macroscopically nude, having shed all their fur during an apparently truncated and abnormal preceding catagen/telogen phase. After hair regrowth during each subsequent anagen phase, it falls out again with entry into catagen. Normally, the club hairs of telogen HFs in mice are not shed, instead being retained in the HF for several cycles until the hair shafts are shed in a separately controlled hair cycle phase (exogen). 3 However, hair loss and hair regrowth in later ctsl Ϫ/Ϫ hair cycles is both incomplete and spatially restricted, so that these mice always remain partially devoid of hair. The shedding of hair shafts has been ascribed to an abnormal formation of the telogen club. 17 This structure aids the persistent mooring of the hair shaft to its HF. 3, 43 Interestingly, regrowing hair shafts become progressively grayer in ctsl Ϫ/Ϫ mice.
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The current morphological and cytokinetic study was conducted to examine more closely the nature of the defects underlying this intriguing phenotype using light microscopic and ultrastructural techniques. This should facilitate dissecting the functional roles of CTSL in HF biology in particular and epithelial and pigment cell biology in general. The specific questions addressed by this study were how CTSL deficiency affects postnatal HF development and cycling and what components of the developing and cycling HF are primarily targeted. Given that increased epidermal proliferation is a feature of this knockout, 17 the current study investigated proliferation, apoptosis, and terminal differentiation during HF development and cycling. Such events are critically dependent on spatiotemporally, stringently restricted cell proliferation and death. 3, 44, 45 We examined the involvement of CTSL in HF cycling from the first regression phase (catagen), formation of the telogen resting HF, hair shaft shedding or exogen, 37 and the subsequent HF regeneration during anagen. The possible involvement of the inner root sheath (IRS) structural protein, trichohyalin, a potential substrate for CTSL, was assessed immunohistochemically by protein expression in ctsl Ϫ/Ϫ and ctsl
HFs. Finally, the morphological basis for the observed canities (ie, hair graying) in ctsl Ϫ/Ϫ mice 17 was examined, as lysosome function (including their biogenic derivatives such as melanosomes, 46 ) is likely to be affected by the absence of this lysosomal enzyme.
Materials and Methods

Animals and Tissues
Mice lacking CTSL expression (ctsl Ϫ/Ϫ ) were generated by insertion of a G418 resistance cassette in exon 3 of CTSL by homologous recombination in embryonic stem cells. 16, 17 Expression of CTSL mRNA, protein, or CTSL activity was completely abolished in ctsl Ϫ/Ϫ mice. 17 The mice were housed in a controlled environment with a temperature of 21 Ϯ 1°C and a 12-hour day/night cycle. Mice were kept in macrolon cages and had access to standard food pellets and tap water ad libitum. The microbiological status of the animal facility was checked according to our institutional guidelines. Mice were essentially pathogen-free. Most notably, ectoparasites and dermatophytes were not detectable. For the present study, heterozygous parent mice (ctsl ϩ/Ϫ ) with hybrid background C57BL/6 ϫ 129 were bred to obtain ctsl Ϫ/Ϫ and ctsl ϩ/ϩ littermates. For age determination of the experimental animals, females because of delivery were checked at least three times daily by the authors and by professional animal caretakers. Newborns with obscure time points of birth were omitted from the experiments. Representative tissue samples were harvested from dorsum skin only of ctsl Ϫ/Ϫ and wild-type (ctsl ϩ/ϩ ) mice at various stages during hair morphogenesis. 47 These included; day of birth (P0), day 2 (P2), day 6 (P6), day 14 (P14), day 17 (P17), day 20 (P20), and day 28 (P28) postpartum. Per genotype (ctsl Ϫ/Ϫ , ctsl ϩ/ϩ ), two to three mice, each from different litters, were analyzed from each age group. Because reliable sex determination in very young mice is difficult in practice, sex was not determined in newborn, day 2 (P2), or day 6 (P6) mice. For older mice each group contained a mixture of males and females. Again, in the various ctsl Ϫ/Ϫ strains that we have obtained so far, no differences of hair cycle kinetics between males and females have been observed. There is no evidence to suggest any sex difference is present at least until P25 of age.
High-Resolution Light Microscopy (HRLM) and Transmission Electron Microscopy (TEM)
Tissues were immediately fixed in half-strength Karnovsky's fixative, 48 postfixed in 2% osmium tetroxide and uranyl acetate, and embedded in resin as previously described. 49, 50 Semi-and ultra-thin sections were cut with a Reichart-Jung microtome (Vienna, Austria); the former were stained with the metachromatic stain, toluidine blue/borax, examined by light microscopy, and photographed (Leitz, Wetzlar, Germany). Loss of metachromasia from the dermal or follicular papilla was used as a marker for early catagen. 51 Ultra-thin sections were stained with uranyl acetate and lead citrate, 49 and examined and photographed using a Jeol 1200EX transmission electron microscope (Jeol, Tokyo, Japan).
Multiple blocks were examined from multiple mice at each harvesting day to generate a total of 27 
Double Immunodetection of Terminal dUTP Nick-End Labeling (TUNEL) and Ki67-Positive Cells
Apoptotic cells were detected using an established, commercially available, TUNEL kit (ApopTag; Oncor, Gaithersburg, MD, USA) as previously described. 45 For double-immunofluorescence detection of TUNEL-positive cells and Ki67-IR, the protocol for the TUNEL technique was combined with the manufacturer's protocol for Ki67-immunohistochemistry. 44 Briefly, 4-m sections were deparaffinized and heated in citrate buffer, pH 6.0, for 5 minutes at 100°C and then incubated with rabbit anti-Ki67 antiserum followed by an incubation with digoxigenin-dUTP in the presence of TdT. Subsequently, TUNEL-positive cells were visualized by anti-digoxigenin fluorescein isothiocyanate-conjugated F(ab) 2 fragments, Ki67-IR was detected by goat anti-rabbit tetramethylrhodamine B isothiocyanate-conjugated antibody, and the sections were counterstained by Hoechst 33342. Negative controls for the TUNEL staining omitted TdT, according to the manufacturer's protocol. Positive TUNEL controls were as described 45 by comparison with tissue sections from the thymus of infantile mice, which display a high degree of spontaneous thymocyte apoptosis. 52 After washing in phosphate-buffered saline (PBS), all sections were mounted with immunomount medium (Shandon, Pittsburgh, PA, USA). Sections were examined under a Zeiss Axioscope microscope, using the appropriate excitation-emission filter systems for fluorescence, induced by Hoechst 33342, fluorescein isothiocyanate, or tetramethylrhodamine b isothiocyanate. Photodocumentation was by a digital image-analysis system (ISIS Metasystems, Altlussheim, Germany).
Immunohistochemical Detection of Trichohyalin
Tissue was taken from mice during various stages of HF morphogenesis as indicated above and frozen for cyrosectioning. Four-m sections were fixed in acetone at Ϫ20 C°for 10 minutes, rehydrated, and equilibrated in PBS for 10 minutes at room temperature. Tissue sections were then blocked with avidin, biotin, and 10% normal goat serum and incubated overnight with a mouse monoclonal antibody to trichohyalin (AE15), diluted 1:200 (a gift from Prof. T-T Sun, NYU Medical Center, New York, NY). This was followed after washing by incubation with goat anti-mouse secondary antibody diluted 1:100 for 1 hour at room temperature. Alkaline phosphatase was used as the chromogen (AEC kit; DAKO, Glostrup, Denmark). Sections were counterstained by hematoxylin and mounted with Kaiser's glycerine.
Results
The current study evaluated the effect of CTSL deficiency on hair morphogenesis and the subsequent first hair cycle in mice using an integrated morphological and cell kinetics approach. Postnatal HF morphogenesis and cycling in ctsl ϩ/ϩ mice proceeded through the developmental stages of induction, organogenesis, cytodifferentiation, and subsequent cyclic transformations as previously described. [53] [54] [55] By contrast, deficiency in this lysosomal protease resulted in striking abnormalities in HF development and cycling of HF.
The Formation of the Hair Canal Is Abnormal in Developing ctsl Ϫ/Ϫ Mice
Despite the recognized retardation of HF development in ctsl Ϫ/Ϫ mice, 17 both ctsl ϩ/ϩ and knockout mice exhibited similar HF morphology on day of birth (P0). In this regard, the back skin of both ctsl ϩ/ϩ and ctsl Ϫ/Ϫ mice contained HFs in all developmental stages up to, but not including, the development of the hair canal (stage 5). The earliest morphological abnormality in ctsl Ϫ/Ϫ mice (ctsl Ϫ/Ϫ ) was apparent at P2 in stage 5 HFs. At this stage in HF morphogenesis, ctsl ϩ/ϩ HFs contained an easily recognizable sebaceous gland, although the tip of the growing hair shaft was still confined within a straight and symmetrical IRS. 53 However, no clear hair/pilary canal was yet apparent (Figure 1a ). By contrast, the developing IRS in ctsl Ϫ/Ϫ HF exhibited marked twisting associated with defective development of the hair canal, apparently because of abnormal hardening/differentiation and abnormal desquamation of the IRS-like hair cone cells ( Figure  1b) . The IRS-like hair cone cells exhibited striking structural abnormality characterized by considerable ruffling and twisting such that cohesion with the emerging hair shaft was lost. Furthermore, the association between the developing hair infundibulum and the developing sebaceous gland was abnormal. The newly formed duct of the sebaceous gland exited externally to the developing hair shaft rather than opening directly into the hair canal. A preferential and sequential degradation of these structures during hair canal formation is needed for optimal spatial configuration of the sebaceous duct. 56 
Abnormally High Levels of Keratinocyte and Melanocyte Apoptosis Occur in the Developing
HRLM and TEM analysis revealed that premature keratinocyte and melanocyte apoptosis was common throughout the developing stage 5 hair bulb. Dying cells were located predominantly above the proliferative region of the sub-Auber's hair bulb ( Figure 1c ). Some apoptotic cells were clearly melanocyte in origin, as evidenced by their containing some melanized melanosomes at a stage of HF development that precedes transfer of melanin granules to precortical keratinocytes. Apoptosis was rarely seen in stage 5 hair bulb of ctsl ϩ/ϩ skin. Thus, HF morphogenesis in ctsl Ϫ/Ϫ mice is associated with increased levels of cell death (via apoptosis) and involved both keratinocyte and melanocyte subpopulations.
Development of the HF Pigmentary Unit in Developing HFs Is Perturbed by the Absence of CTSL
Melanocytes migrated successfully to the upper hair bulb matrix around the follicular papilla in stage 5 HFs of both ctsl ϩ/ϩ and ctsl Ϫ/Ϫ HFs. However, as alluded to above, some melanocytes that had commenced melanosome organellogenesis and melanogenesis were deleted by apoptosis in ctsl Ϫ/Ϫ HF ( Figure 1c ). These deleted cells may have been replaced by local melanocyte proliferation, as the total complement of melanocytes in fully developed (stage 8) ctsl Ϫ/Ϫ hair bulbs appeared normal (ie, consisted of one melanocyte to five keratinocytes in the hair bulb as a whole and 1:1 in the basal layer of the hair bulb next to the follicular papilla). 57 However, additional melanocyte defects were evident, including marked vacuolation specific for bulbar melanocytes. This defect was not found in neighboring bulbar keratinocytes or indeed in the amelanotic melanocytes located in the outer root sheath of the HF. This massive vacuolation was associated only with the early stages in the biogenesis of the lysosome-derived melanosomes (Figure 1d ) and seemed to be transient. Despite melanocyte apoptosis and vacuolation of surviving bulbar melanocytes, a full complement of melanocytes was present in ctsl Ϫ/Ϫ hair bulbs, such that stage 8 hair bulbs appeared to be similarly pigmented in both ctsl ϩ/ϩ and ctsl Ϫ/Ϫ .
Exiting of Hair Shafts to the Skin Surface Is
Impaired in ctsl Ϫ/Ϫ HFs Ctsl Ϫ/Ϫ mice exhibited defective exiting of hair shafts from the hair canal. Twisting of the hair cone and IRS in stage 5 to 6 ctsl Ϫ/Ϫ HFs (day P2) was associated with the aberrant development of HF canals and infundibula. Such changes seemed to restrict the normal exiting of growing hair shafts. By contrast, the formation of hair canals in ctsl ϩ/ϩ mice was characterized by the regular desquamation of IRS cells just below the exit point of the sebaceous duct. This duct channeled sebaceous glandsecreted products directly into the hair canal (Figure 2 ; a to c). Such proteolysis/desquamation of IRS in ctsl ϩ/ϩ HFs resulted in the progressive and gradual thinning of the distal IRS, until it disappeared as a distinct component above the level of the sebaceous gland (Figure 2, a  and b) . In ctsl ϩ/ϩ HFs, holocrine sebaceous gland secretions emptied directly into the hair canal from the sebaceous gland via a specialized duct (Figure 2c ). This structural arrangement of the upper pilosebaceous unit was associated with the emerging hair shaft occupying fully the hair canal space. By contrast, the IRS of ctsl Ϫ/Ϫ HFs neither hardened fully nor desquamated at the appropriate level close to the sebaceous gland (Figure 2; d  to g ). Instead, this HF component was retained in the distal hair canal to disrupt the normal flow of the sebaceous gland's secretions into the hair canal ( Figure 2, d and e). The resultant accumulation of sebaceous gland products clogged the hair canal (Figure 2; d to i) .
Persistent disruption of hair shaft exiting in ctsl Ϫ/Ϫ mice correlated with the accumulation of increasing amounts of heterogeneous debris consisting of disorganized hair shaft, stratum corneum, and sebum material at the epidermis surface (Figure 2, g and i) . The epidermal surface of ctsl ϩ/ϩ mice was clear by comparison (similar to that shown in Figure 2a) . A net effect of delayed IRS differentiation and desquamation in ctsl Ϫ/Ϫ mice was the emergence of hair shafts from the hair canal encased by IRS-like material. This contributed an additional twofold to threefold increase in the diameter of the hair shaft/IRS complex within the hair canal (Figure 2g ). To accommodate this change, the hair canal in ctsl Ϫ/Ϫ mice was commonly dilated by up to sixfold compared to ctsl ϩ/ϩ mice ( Figure 2, g and i) . The IRS origin of much of this material was evidenced by its retained features of incomplete IRS differentiation, ie, characteristic nuclear remnants (Figure 2h) .
A range of related structural defects were also seen in the hair shaft including bifurcation and twisting of hair cortex (Figure 2k) . A possible origin of these distal defects was apparent more proximally in the ctsl Ϫ/Ϫ HF with the asymmetric differentiation of the IRS. The rate of IRS cell differentiation was often markedly unequal on both sides of the follicle (Figure 3, a and b) . Below the level in which the IRS normally desquamates (ie, at sebaceous gland), the IRS in ctsl Ϫ/Ϫ mice exhibited apparent torsion effects (Figure 3c ). This defect resulted, more distally, in the production of highly ruffled forms whereby the IRS retained only partial contact with its ensheathed hair shaft (Figure 3d) .
Although ctsl Ϫ/Ϫ sebaceous gland products did exit the HF, this occurred external to the IRS material, and therefore external to the hair shaft (Figure 2; d to g ). Thus, the absence of CTSL strikingly disrupts the normal proteolysis/desquamation of the hair shaft-molding IRS. This results in the abnormal exiting of not only the hair shaft, but also of sebaceous gland products that normally lubricate the emerging hair shaft. No obvious alteration in the outer root sheath (OTS) was apparent ( Figure 3, a and b) .
Sebaceous Gland Development Appears to Be Normal in ctsl Ϫ/Ϫ HFs
No significant defects in sebaceous gland morphogenesis were detected in ctsl Ϫ/Ϫ mice. However, sebaceous glands appeared to be located unusually high in the dermis in ctsl Ϫ/Ϫ HFs, where their apical surface commonly opened directly into the HF infundibulum rather than via a sebaceous duct (Figure 2f ). Sebocyte differentiation appeared normal in all of the ctsl Ϫ/Ϫ mice studied. 
CTSL Deficiency Retards HF Regression (Catagen)
HF regression (catagen) was well-advanced in ctsl ϩ/ϩ skin by P17, where it was associated with high levels of apoptosis in defined HF compartments (Figure 4a) . 45 In these normal mice, club formation occurred only after advanced regression in the lower two-thirds of the HF (ie, when the HF had involuted and retracted to just below the sebaceous gland). Moreover, the hair canal of catagen ctsl ϩ/ϩ HFs was only sufficiently wide to permit easy and clear movement of the hair shaft, which was otherwise moored firmly in the telogen HF. By contrast, in ctsl Ϫ/Ϫ mice catagen was both delayed and defective ( Figure  4b ). Many HFs were still in full anagen as evidenced by their continued hair bulb melanogenesis, absence of apoptosis, and their location deep in the hypodermis close to the panniculus carnosus (Figure 4b ).
CTSL Deficiency Truncates the HF Resting (Telogen) Phase
By P20, all ctsl ϩ/ϩ HFs were in the telogen phase ( Figure  4, c and d) . Telogen club formation exhibited characteristic features including the cessation of IRS differentiation (ie, discrete Henley's and Huxley's layers were no longer apparent) and advanced formation of telogen club rootlets that anchor telogen clubs to the HF (Figure 4g ). By contrast, ctsl Ϫ/Ϫ mice contained many HFs that were still located deep in the subcutis, evidently undergoing a delayed involution process (Figure 4 , e and f). This morphology corresponded well with reduced catagen-associated apoptosis as assessed by both ultrastructural analysis ( Figure 4 , e and f) and by TUNEL histomorphometry ( Figure 6, a and b) . Furthermore, club hair formation in ctsl Ϫ/Ϫ catagen follicles was aberrant and occurred before significant catagen-associated HF shortening, ie, while HFs were still extended deep into the corium (Figure 4, e and f) . ctsl Ϫ/Ϫ club formation also appeared to occur before the cessation of IRS cell differentiation, as indicated by the continued presence of a differentiating Huxley's layer (Figure 4h ). Despite delayed catagen in ctsl Ϫ/Ϫ mice, no telogen HFs were present at P28 (Figure  4j ), ie, a time when ctsl ϩ/ϩ HFs were predominantly in telogen (Figure 4 ; c, d, and g), using standardized morphological criteria for HF cycle classification. 55 Rather, the back skin of ctsl Ϫ/Ϫ mice was already in anagen V. Indeed, anagen III/IV HFs were present as early as P22 in some ctsl Ϫ/Ϫ mice (Figure 4i ).
CTSL Deficiency Facilitates the Premature Shedding of Hair Shafts
The infundibula of cycling ctsl Ϫ/Ϫ HFs were still highly dilated and contained much sebaceous-derived and IRS material inherited from the preceding HF development phase (Figure 4 ; i to k). An induced exogen phase resulted in the shedding of apparently poorly anchored club hairs from these anagen-cycling HFs (Figure 4 , i and j). However, the vacated hair canals remained dilated and clogged with heterogeneous material, including sebum-like products. In contrast to hair morphogenesis, a discrete but heavy inflammatory cell infiltrate was observed around, but not within, sebaceous glands. By TEM and HRLM analysis, these consisted primarily of eosinophils, neutrophils, and macrophages (Figure 4l) .
CTSL Deficiency Precipitates a Premature Entry into the First Growth (Anagen) Phase
The absence of CTSL significantly delayed the apoptosis-driven regression of the ctsl Ϫ/Ϫ catagen HF, although apparently not the initial stages of club formation. Soon after the regressing HFs entered the resting telogen phase of the hair cycle they were prematurely precipitated into hair regrowth (anagen) and soon thereafter shed their club hairs (Figure 4 ; i to k). This hair shaft shedding phase or exogen occurred before the onset of HF melanogenesis in anagen III/IV, 58 ie, approximately between P19 and P22. Moreover, the hair canals remained blocked throughout with maintained disruption of the normal sebaceous gland secretion apparatus (Figure 4k) .
To investigate HF cell proliferation and death in ctsl (Figure 5a1 ). Although no significant difference in numbers of proliferating keratinocytes could be detected in anagen VI hair bulbs between ctsl ϩ/ϩ and ctsl Ϫ/Ϫ mice, the latter did show a significant increase in numbers of Ki67-positive cells in the area of the infundibulum during anagen VI, catagen, and telogen (Figure 5b ; 2, 4, and 6). Cell proliferation in regenerating anagen ctsl ϩ/ϩ HFs was predominantly localized in the proximal hair bulb region (Figure 5b1 ), whereas ctsl Ϫ/Ϫ HF exhibited high rates of proliferation throughout the entire epithelium (Figure 5b2 ). Keratinocyte proliferation was significantly higher in ctsl Ϫ/Ϫ versus ctsl ϩ/ϩ upper HFs (Figure 5b, 3 and 4) . Similarly, significantly increased keratinocyte proliferation was apparent in anagen, catagen, and telogen ctsl Ϫ/Ϫ versus ctsl
HFs (Figure 5b ; 2, 4, and 6). Overall, cell proliferation was twofold higher in ctsl Ϫ/Ϫ HFs compared to the ctsl ϩ/ϩ HFs (Figure 5a1 ).
Quantitative analysis of TUNEL-positive cells showed an decrease in HFs of ctsl Ϫ/Ϫ mice compared to ctsl ϩ/ϩ littermates ( Figure 5a2 ). Although no significant difference in number of apoptotic cells was detected in catagen hair bulbs of ctsl ϩ/ϩ and ctsl Ϫ/Ϫ mice, the latter did show a significant decrease in numbers of TUNEL-positive cells in the area of the infundibulum during anagen VI, and catagen ( Figure 5, a2 and b; 2, 4, 6 ). Delayed entry of ctsl Ϫ/Ϫ HFs into catagen in p20 mice 3 days later than for ctsl ϩ/ϩ HFs in a above. Note that many of these HFs exhibit full anagen VI length and penetrate deep into the subcutis to the level of the muscle layer. c and d: Telogen HFs in ctsl ϩ/ϩ mice at p22 characterized by the presence of only the permanent upper third of the HF. The club is well anchored into the surrounding epithelial sac with the follicular papilla attached to the base (FP). e and f: Abnormal catagen in a ctsl Ϫ/Ϫ HF at p20. Note that the club forms while the proximal HF is still deep in the subcutis and before evidence of significant apoptosis, although catagen-associated changes including thickening of the glassy membrane (g) and clustering of FP cells (FP) can be seen. g: Hair club formation during telogen in ctsl ϩ/ϩ mouse at p20. Note the advanced formation of the anchoring rootlets (magnified in inset) and the complete keratinization of the club-forming cells and adjacent secondary germ keratinocytes (Sg). h: Hair club formation during telogen in ctsl Ϫ/Ϫ mouse at p20. Note the poorly formed anchoring rootlets (magnified in inset) and the presence of ongoing differentiation of the IRS Huxley's layer (Hu). i: Premature cycling into anagen III in ctsl Ϫ/Ϫ mice at p22. Note the absence of club hairs in the dilated and sebum-clogged hair canal (arrow) and prominent sebaceous gland (SG). j: Premature cycling into anagen IV/V in ctsl Ϫ/Ϫ mice at p28. Note that all hair canals were empty of club hairs, although a rare hair shaft can be seen associated with one of the hair canals (arrowhead). Prominent sebaceous glands (SG) and associated with hair canals were clogged with sebum-like material. The morphology of the cycling anagen HF appears normal at this stage. k: High-power view of an infundibulum blocked with apparent sebum-like material (Sb). Note the absence of the hair shaft. l: Leukocyte infiltration around (but not within) the sebaceous glands of cycling anagen V ctsl Ϫ/Ϫ HF. These perivascular (BV) infiltrates consisted predominantly of granulocytes including eosinophils, neutrophils, and macrophages. HRLM (h-f, i, and j): toluidine blue. TEM (g, h, and k-o): uranyl acetate and lead citrate. 
Melanocytes and Keratinocytes of Cycling ctsl Ϫ/Ϫ HFs Exhibit Specific Abnormalities
As with HF morphogenesis, marked cytoplasmic vacuolation was present in hair bulb melanocytes in the regenerating anagen HF pigmentary unit ( Figure 6 ; a to e). Moreover, this defect was again associated with the commencement of melanosome organellogenesis. Some reduction in the number of melanogenically active hair-bulb melanocytes was apparent in some HFs (Figure 6c ), mice. a: HFs in ctsl Ϫ/Ϫ back skin contain more proliferating and less apoptotic cells than wild-type follicles at identical stages. Cells were counted in the infundibulum region around the hair canal (hc) and in the hair bulb (hb). a1: Quantitative analysis of Ki67-positive cells shows an increase in HF of ctsl Ϫ/Ϫ mice compared to ctsl ϩ/ϩ littermates during the complete hair cycle. Compared to the ctsl ϩ/ϩ (black bar) mice ctsl Ϫ/Ϫ mice, (dashed bar) show a significant twofold increase of Ki67-positive cells in catagen and telogen back skin HFs (n ϭ 3 to 5 mice/group). A significantly higher number of Ki67-positive cells occur in the distal anagen HF in ctsl Ϫ/Ϫ mice. By contrast, no difference could be detected in the hair matrix and follicular papilla (FP). a2: Quantitative analysis of TUNEL-positive cells in anagen VI, catagen, and telogen HF of ctsl Ϫ/Ϫ mice (white bar) versus ctsl ϩ/ϩ mice (black bar). Significantly lower levels of TUNEL-positive cells were detected in HF of ctsl Ϫ/Ϫ mice compared ctsl ϩ/ϩ mice in the same hair cycle stage (n ϭ 3 mice/group). Significance was calculated by unpaired two-tailed Student's t-tests. *, P ϭ 0.5; **, P ϭ 0.01; ***, P ϭ 0.001. b: Cryostat sections of ctsl Ϫ/Ϫ and ctsl ϩ/ϩ mice back skin were processed for the double immunovisualization of Ki67 (pink) and TUNEL (green) and counterstained with Hoechst (blue). b1: Anagen II ctsl ϩ/ϩ HF. Proliferating keratinocytes close to the follicular papilla (FP) and only scattered cells in the distal HF show Ki67 positivity (red immunofluorescence). b2: Anagen II ctsl Ϫ/Ϫ HF. Note the greater number of Ki67-positive cells throughout the entire HF. b3: Anagen VI hair ctsl Ϫ/Ϫ HF. Note that the infundibular region contains significantly more Ki67-positive and more TUNEL-positive (green) cells compared to ctsl ϩ/ϩ HFs. b4: Anagen VI ctsl ϩ/ϩ HF. Note that only scattered keratinocytes in the basal layer of the epidermis (epi) and around the hair canal are Ki67-positive. b5: Catagen VII ctsl Ϫ/Ϫ HF. Note that proliferating cells (red) are detectable in the lower portion of the HF. b6: Catagen VII ctsl ϩ/ϩ HF. Note that no Ki67-positive cells can be detected in the HF. Several apoptotic nuclei can be seen in the epithelial strand (arrows, es). fp, Follicular papilla; epi, epidermis; hc, distal HF around hair canal; es, epithelial strand. Scale bars, 30 m (b1-b6).
although this was not quantified. In addition to melanosome defects, differentiating hair-bulb precortical keratinocytes in regenerating anagen HFs contained numerous lysosome-like structures not detected during HF morphogenesis (Figure 6e) . Thus, melanocyte and precortical keratinocyte populations may accumulate defects during HF morphogenesis and the first genuine hair cycle. Melanogenically active melanocytes were occasionally located close to the HF infundibulum and were identified by their pigment content and dendricity ( Figure  6d ). Melanogenic melanocytes are not usually present in the distal epithelium of murine truncal skin.
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Trichohyalin Expression Is Altered in
Many of the morphological abnormalities in ctsl Ϫ/Ϫ HF pertained to the IRS. To assess the effect of CTSL deficiency on the formation, differentiation, and disintegration of this HF component, the expression of a major and characteristic IRS structural protein, trichohyalin, was examined. Immunohistochemistry used the AE15 antibody 59 that reacted with the granule-limited form of this protein. ctsl ϩ/ϩ and ctsl Ϫ/Ϫ expression of this polymeric protein was detected in the proximal IRS during late catagen (IV to V) in P19 mice. Expression was lost during more advanced catagen (ie, VI to VIII) and remained absent during telogen and early anagen (I to II). Trichohyalin expression reappeared at anagen III, coinciding with the onset of IRS cell differentiation. 54 The distribution of trichohyalin expression was similar in both ctsl Ϫ/Ϫ and ctsl ϩ/ϩ mice. However, the intensity of immunostaining was weaker in ctsl Ϫ/Ϫ anagen VI HFs ( Figure  7a ) than in the anagen VI ctsl ϩ/ϩ HFs (Figure 7b) . Thus, the absence of CTSL correlated with a reduced expression of the major IRS structural protein, trichohyalin.
Discussion
Recent evidence has implicated an important role for protease/anti-protease systems in the control of the extensive tissue remodeling that occurs during HF cycling. 1-3,9 -16 CTSL is the first lysosomal proteinase shown to be necessary for normal HF development and cycling. 17 Furthermore, unlike many other HF pathology mutants, 2, 61 CTSL is also important for homeostasis of the interfollicular epidermis and normal HF pigmentation. 17 This remarkable phenotype of ctsl Ϫ/Ϫ mice seems not to depend on the genetic background in which the mice are maintained. The current analyses were performed with ctsl Ϫ/Ϫ and ctsl ϩ/ϩ littermates in a hybrid C57BL/6 ϫ 129 background that originates from the generation of the knockout mice. However, since then the ctsl Ϫ/Ϫ mice were backcrossed for eight generations to obtain congenic mouse lines in the genetic backgrounds C57BL/6, FVB, and 129S2. For those inbred strains the phenotype, ie, the kinetics of hair growth and hair loss, is identical to the mouse strain used in this study (TR and CP, unpublished data). The current study reveals several specific events in HF morphogenesis and cycling during which CTSL plays an important role (Figure 8 ).
CTSL and HF Morphogenesis
The current study shows that the protease CTSL is involved in the stages of HF morphogenesis associated with keratinization, cornification, and desquamation. These processes are required to form the hair cone, ultimately forming a patent lumen-the hair canal. The breakdown of the hair cone, which caps the emerging hair shaft underneath, is malformed in ctsl Ϫ/Ϫ HFs ( Figure  1b ) thereby disrupting the release of the hair shaft at the skin surface (Figure 8 ). This suggests that CTSL is required for the lytic processes involved in hair cone breakdown. It is likely that the substrate for CTSL is present in or close to the hair cone itself, because this program of tissue breakdown is not seen elsewhere in the developing HF at this stage. Hair cone breakdown occurs around the same time as the development of the sebaceous gland duct, 56 which occurs via the breakdown of sebaceous cells. This latter process is also altered in developing ctsl Ϫ/Ϫ HF with resultant misrouting of holocrine sebaceous gland products (Figure 1b, Figure 8 )
After hair canal formation, the hair shaft exiting through the hair canal requires continued breakdown of the IRS at the level of the sebaceous gland (Figure 2; a to c) . 56 This sequence of degradation events is a prerequisite for the ductal discharge from the sebaceous gland directly into the hair canal to lubricate the emerging hair shaft ( Figure  2c ). Striking defects were observed in the differentiation/ keratinization/desquamation of the IRS proper in the mature stage 8 HF (Figure 2 ; d to h) indicating that CTSL is important not only for IRS lysis but also for IRS differentiation and cornification/hardening.
We have recently shown that proliferation and apoptosis occur side-by-side during normal HF morphogenesis to ensure proper sculpting of the developing HF. 44 Any imbalance in these stringently coordinated epithelial growth and regression phenomena is likely to result in morphological abnormalities. Therefore, it is noteworthy that ctsl Ϫ/Ϫ mice display an up-regulation of cell proliferation in both the bulbar keratinocyte and melanocyte compartments (Figure 1d and Figure 8 ). Previously, we reported a three to fourfold increase in Ki67-positive cells in the basal layer of the epidermis in ctsl Ϫ/Ϫ skin. 17 In the present study, a twofold increase in proliferation is detected throughout the entire HF epithelium in ctsl Ϫ/Ϫ mice compared to ctsl ϩ/ϩ animals. Although it is not clear whether and how CTSL interacts directly with the proliferation controls of HF cells, the absence of this enzyme may lead to hyperproliferation simply by retarding cell differentiation.
A particularly striking defect in the construction of the pigmentary unit is also a feature of the developing ctsl Ϫ/Ϫ HF. The severe vacuolation that affected many melanocytes at the early stages of melanogenesis (Figure 1d ) may be associated with the higher levels of apoptosis in melanogenically active hair bulb melanocytes (Figure 1c and Figure 8 ). Given the lysosomal origin of melanosomes, 46 these observations suggest that this CTSL activity is involved in the initiation of melanosome organellogenesis and/or melanogenesis. However, the role of CTSL in melanocyte biology seems to be rather subtle, because cytoplasmic vacuolation was restricted only to the early stages in the differentiation of the melanogenically active melanocyte (Figure 1d) . Melanogenesis, once started, apparently continues normally in the surviving melanocytes. Moreover, there was no appreciable difference between the pigmentation levels of ctsl Ϫ/Ϫ and ctsl ϩ/ϩ hair bulbs when fully developed, suggesting the cells lost through apoptosis are replaced by proliferation, at least for the first hair cycle. 
CTSL and HF Cycling
Although ctsl Ϫ/Ϫ mice eventually do develop mature HF (Figure 4b ), the absence of CTSL significantly retards the initiation of HF cycling (Figure 4b) . In contrast to the abnormally high levels of apoptosis seen during early ctsl Ϫ/Ϫ HF morphogenesis, the retardation of HF regression (catagen) was associated with reduced apoptosis, compared to the massive apoptosis characteristic for ctsl ϩ/ϩ HFs. 45 The formation of the normal hair club, an important structure that anchors the hair shaft to the resting telogen HF, 62 only occurs after significant regression of the HF during catagen. However, the lack of CTSL in ctsl Ϫ/Ϫ HFs may result in an extension of the proliferative potential of the HF epithelium and so a delay in terminal differentiation of pre-IRS bulbar keratinocytes. These cells are still identifiable during catagen ( Figure  4b ). In contrast to the well-formed telogen club-associated anchoring rootlets in ctsl ϩ/ϩ HFs, these structures are only poorly formed in ctsl Ϫ/Ϫ HFs (Figure 4h ). These structural defects are likely to result in a reduced anchorage of ctsl Ϫ/Ϫ telogen club hairs in the skin and so facilitate their dislodgment at the skin surface, explaining the macroscopic fur phenotype of ctsl Ϫ/Ϫ mice 17 ( Figure  4 , i and j, and Figure 8 ). Indeed, murine hair shafts are commonly retained for several hair cycles in murine pelage HF, eg, by mechanisms including strong desmoglein 3-rich attachment plaques 43 and anchoring rootlets. 63 These observations suggest CTSL facilitates tricholemmal keratinization of the epithelial sac surrounding the telogen club. 62 Structural defects in the ctsl Ϫ/Ϫ club hair, together with the dilation and impaired integrity of the hair canal, are likely to alter interactions between the secondary germ and bulge. These key regions of the telogen HF are recognized sites of stem cells. 64, 65 Thus, this process may result in the delivery of signals to the secondary germ cells that are located just under the telogen club and so trigger re-entry into the next hair cycle. In this way, a spontaneous (albeit premature) depilation of ctsl Ϫ/Ϫ hair shafts may trigger a pluck-like response, whereby initiation of cell cycling in the secondary germ occurs before activation of the bulge stem cell compartment. 6, 66 The combined effects of defective telogen mooring, a dilated and blocked hair canal, and a peri-sebaceous gland granulocytic infiltrate (Figure 4 ; i to l, and Figure 8) , with potential cytokine release, may activate the closely located secondary germ of the telogen HF to prematurely enter anagen. Thus, the ctsl Ϫ/Ϫ mouse may be a useful model for studying the elusive, yet clinically critical, controls of hair shaft shedding or exogen 3 in which CTSL seems to play a previously unrecognized, functionally important role.
The most striking feature of the ctsl Ϫ/Ϫ HF phenotype is the failure of the anagen-specific IRS to desquamate (Figure 2; d to k) . The IRS is thought to serve several crucial functions during normal hair growth. By ensheathing the forming hair shaft, the rigid IRS is thought to mold the malleable hair fiber as it undergoes terminal differentiation/cornification in the proximal HF. 67 This layer also anchors the growing hair shaft within the HF via the imbrication of saw-toothed cuticular cells that line the internal surfaces of the IRS and external surface of the hair shaft. 68 Moreover, the dissolution and shedding of the IRS into the hair canal releases the emerging hair shaft to full function at the skin surface. 3, 69, 70 The IRS is therefore an excellent marker for orderly HF differentiation and a model for the HF-type epithelial differentiation pathway. 71 It is notable that the IRS is produced only during stages 4 to 8 of HF morphogenesis, 8, 53, 56 and thereafter repeatedly only during each anagen III to VI phase. The occasional structural defects in the hair shaft itself seen in ctsl Ϫ/Ϫ mice, eg, twisting and even bifurcation (Figure 2k) , may result from a disruption of the critical IRS-hair shaft interactions that occur during hardening of the emerging hair shaft. These data suggest that CTSL is required for at least part of the intra-and/or extracellular proteolysis of the differentiating IRS. This lysosomal protease is unlikely however, to be solely responsible for IRS disintegration, given that the ctsl Ϫ/Ϫ IRS looses its cuticular layer before reaching the skin surface (Figure 2 ; d, g, and h).
A major structural protein found in the IRS is trichohyalin, which functions as a keratin-associated protein supporting the lateral arrangement and aggregation of keratin filaments in IRS cells. 66 In extrafollicular tissues that express trichohyalin, this protein is intimately associated with another keratin-associated protein, filaggrin. 72 Notably, epidermal filaggrin is specifically degraded by CTSL. 73 As previously mentioned, the absence of CTSL also causes epidermal hyperplasia. 17 Thus, it is of interest to note that trichohyalin expression is raised/induced in many cases of epidermal hyperplasia (eg, epidermolytic hyperkeratosis, psoriasis, and so forth). 74 Trichohyalin, a substrate for transglutaminase, 75 is protease-sensitive 76 and so it is likely that CTSL may also use trichohyalin as a protein substrate.
Our findings in ctsl Ϫ/Ϫ mice strongly suggest that the complete IRS terminal differentiation and dissolution is dependent on the CTSL lysosomal proteinase. In the current study, we found a somewhat reduced expression for AE15-positive, granule-bound, epitopes of trichohyalin in ctsl Ϫ/Ϫ HFs compared to ctsl ϩ/ϩ HFs. We have also located CTSL protein to the mid-upper ORS in anagen human scalp HFs (DJ Tobin, unpublished data) at a region of the HF where IRS degradation is likely to commence and where AE15-negative granule-free epitopes of trichohyalin occur in more mature IRS cells. Thus, CTSL may play a role in processing the different forms of this structural protein. Further studies are needed to determine whether CTSL degrades this major IRS-cementing protein.
Several studies have suggested a role for the sebaceous gland in the dissolution of the IRS and/or its dissociation from the hair shaft 70, 77 including its secretion of relevant lytic enzymes. 2, 78 Indeed, the IRS grows out with the hair shaft in the asebia mouse that has hypoplastic sebaceous glands. 79 However, the current study failed to detect significant alterations in sebaceous gland structure apart from the blockage of the sebaceous duct and resultant rerouting of its holocrine-secreted products.
